A partial Sau3Al digest of genomic DNA from Streptomyces akiyoshiensis was cloned in a Streptomyces-Escherichia coli shuttle vector, and the recombinant plasmids were used to transform E. coli CGSC 6212, which carries a mutation in the gene for aspartate semialdehyde dehydrogenase (Asd). One of 39000 transformants tested grew on LB medium lacking diaminopimelate. A 17 kb plasmid (pJV21) isolated from this strain conferred prototrophy when used to transform E. coli CGSC 6212. The gene responsible was located on a 2.2 kb DNA fragment by subcloning. Nucleotide sequencing and codon preference analysis of the subcloned insert and of the 3.3 kb insert in the Asd--complementing plasmid pJV36 located three complete and two incomplete open reading frames (ORFs). One of these (ORF3), encoding a polypeptide of 338 amino acids (M, 354848 was identified as the gene for Asd by comparing i t s sequence with database sequences of asd from other bacteria. The inability of pJV30, in which a segment of ORF3 had been deleted, to transform E. coli CGSC 6212 to prototrophy supported this assignment. Southern hybridization indicated that the sequenced region of the cloned DNA fragment represented a continuous segment of the 5. akiyoshiensis chromosome. The deduced amino acid sequences of the ORFs adjacent to asd showed no similarity to sequences for aspartate kinase (Ask); also, transformation with plasmids containing asd and adjacent regions from the 5. akiyoshiensis chromosome did not complement the ask mutant E. coli CGSC 5074. It is concluded that asd and ask in 5. akiyoshiensis are not present in an operon, and thus are organized differently from these genes in the Gram-positive bacteria previously examined.
INTRODUCTION
and some fungi (Yamaguchi eta]., 1990) . From the pattern of isotope incorporation into the metabolite from labelled pathway to HON diverged at an early step from the branching aspartate family pathway, but did not identify the branch-point (Le, 1994) .
Amino acids of the aspartate family are synthesized by a similar series of biochemical reactions in all bacteria (Fig.  1 ); in particular, the core pathway from aspartic acid to homoserine is well conserved. However, differences in the regulation of the pathway give rise to multiple forms of some enzymes, and enzyme multiplicity can vary with the organism. In Escherichia coli there are three isozymes of aspartate kinase (Ask), regulated specifically by lysine, methionine or threonine (Theze et al., 1974) . In bacilli there are also three Asks, but they are regulated by diaminopimelic acid (DAP), lysine, or lysine and threonine (Zhang e t al., 1990) . Only one Ask is present in Pseudomonas, brevibacteria and corynebacteria (Shiio & Miyajima, 1969; Cohen et al., 1969 ; Cremer e t a/., 1988). Aspartate semialdehyde dehydrogenase (Asd), which catalyses the conversion of aspartyl phosphate to aspartate semialdehyde, and thus is required for the biosynthesis of DAP, lysine, methionine, threonine and isoleucine, has so far been found in only one form in all micro-organ:isms examined.
In streptomycetes, where aspartate is a precursor not only of the related protein amino acids but sometimes also of secondary metabolites, there is evidence that regulatory mechanisms acting on core reactions in the aspartate pathway control the flow of metabolic intermediates to such products as the p-lactam antibiotics, which are derived from lysine via L-a-aminoadipic acid (Whitney e t al., 1972; Madduri et al., 1989 ; Vining e t a/., 1990). I3oth Ask and Asd have been partially purified from StreptornJyces clavuligerus (Mendelovitz & Aharonowitz, 1982 Sambrook et al. (1989) . DNA fragments from plasmids digested with restriction enzymes were separated by electrophoresis in 0.8 YO agarose gels ; individual fragments were purified with the Geneclean kit (BIO 101). Genomic DNA from S. akboshiensis was isolated as described by Hopwood et al. (1985) ; for use in a genomic library it was partially digested with Sau3AI and size-fractionated by centrifugation in a sucrose density gradient (Hopwood et al., 1985) .
DNA cloning. Sized 6-15 kb fragments from Sau3AI partial digestion of S. akboshiensis genomic DNA were ligated behind the lac promoter in pHJL400 (Larson & Hershberger, 1986) linearized at its BamHI site and dephosphorylated with calfintestinal alkaline phosphatase (Promega DNA sequencing and sequence analysis. The DNA inserts in pJV24 and pJV36 were each subcloned in the phagemids pBluescript I1 SK( +) and SK( -), allowing both strands to be sequenced; nested deletions were generated by the DNase I method (Sambrook e t al., 1989) . Single-stranded DNA produced from the phagemids was sequenced by the dideoxynucleotide-mediated chain-termination method (Sanger e t al., 1977) . Sequenase version 2.0 (US Biochemical) was used for DNA synthesis. The sequence data were analysed with ' DNA strider' (Marck, 1988) (Altschul eta/., 1990) . Amino acid sequences were aligned using CLUSTAL software (Higgins & Sharp, 1988) .
RESULTS

Cloning of asd from 5. akiyoshiensis
A library of S. aki_yoshiensis DNA fragments in the Streptomyces-E. coli shuttle vector pH JL400 (Larson & Hershberger, 1986 ) was used to transform the E. coli asd mutant strain CGSC 6212. Screening approximately 39 000 transformants for prototrophy yielded one Asd' colony, from which we recovered a 17 kb plasmid (pJV21; Fig. 2 ) that conferred the Asd' phenotype. To locate the asd gene within the 11-2 kb insert, pJV21 was partially digested with SalI, and the fragments were ligated with the 4-9 kb vector fragment generated when pHJL400 was digested with Sall. Transformation of E. coli CGSC 6212 with the ligation mixture, selection of Asd' transformants, and screening of these for the smallest plasmid present gave p JV24. This plasmid contained a 2.2 kb insert but lacked a 0.9 kb region of pHJL400 containing IacZ' and tsr sequences that had been removed during the digestion with SalI (see Fig. 2 ).
Approximately 0.2 kb of DNA adjacent to the lac promoter was excised from the p JV24 insert by digesting the plasmid with a BamHIIKpnI mixture and subcloning the remainder of the insert in pH JL400 similarly digested with BamHI and KpnI. The plasmid (pJV30) obtained by transforming E. coli CGSC 6212 in the presence of DAP failed to complement the asd mutation in this host when DAP was omitted from the medium. Since the KpnI site, like the Sall site, is located within the tsr sequence of pHJL400, and thus should not affect asd expression, the results positioned asd near the end of the insert adjoining the vector promoter in pJV24. To obtain a fragment containing asd with a larger flanking region of S. akbosbiensis DNA at this end, pJV24 was digested with Hind111 and BamHI ; the 6.9 kb fragment in the digest was ligated to the 1.2 kb fragment of insert DNA recovered by gel electrophoresis from a HindIIIIBamHI double digest of pJV21 (see Fig. 2) ; transformation of E. coli CGSC 6212 and selection for asd yielded pJV36, containing a 3.3 kb insert.
Sequencing and analysis of the DNA cloned in pJV36
The S. a&yosbiensis DNA insert cloned in pJV24 was excised as a mixture of 0-75 and 1.4 kb fragments by digesting the plasmid with Sall. The fragments were separated by gel electrophoresis, and each was cloned in the SalI site of pBluescript I1 SIC( +) to give pJV25 and p JV27, respectively ; the single-stranded DNA generated from them was sequenced. To obtain the opposite strands, the inserts in pJV25 and pJV27 were excised with HindIII/KpnI, and ligated to similarly digested pBluescript I1 SK(-), giving pJV26 and pJV28, respectively. The sequence at the junction of the 0.75 and 1.4 kb fragments was confirmed by subcloning the 0.75 kb BamHI-SstI fragment of p JV24 in BamHIISstI-digested pBluescript I1 SK( +), and sequencing single-strand DNA obtained from the resulting phagemid p JV29. The region of pJV36 not already sequenced in pJV24 was subcloned as a 1-2 kb HindIII-BamHI fragment in HindIIIIBamHIdigested pBluescript I1 SK( +) and pBluescript I1 SK( -) to give pJV34 and pJV35, respectively. ORFs in the nucleotide sequence were detected with the Wright & Bibb (1992) . Two incomplete ORFs (1 and 5) and three complete ORFs were present in the pJV36 insert (Fig. 3) .
Sequence of asd from 5. akiyoshiensis
A comparison of amino acid sequences in the GenBank database with sequences deduced from ORFs 1-5 in the cloned 5. aki_yosbiensis D N A showed strong similarities asd from S. aki_yosbiensis
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The mean G + C content in ORF3 was 70.1 mol%, with 69-1, 44.7 and 96.5 mol % in the first, second and third positions, respectively, of the codons; the values are similar to those reported for streptomycete ORFs (Seno & Baltz, 1989) . ORF3 has a potential start codon (GTG) at nt 160-162, which is preceded at nt 148-151 by a plausible ribosome-binding site [GAGG ; AG -9.4 kcal mol-' ( -39.0 k J mol-l) ; Tinoco et al., 19731. A comparison of the region upstream of the translational start codon with the sequences of promoter recognition sites in streptomycetes (Strohl, 1992) did not identify any sequences corresponding to E. coli a''-like -10 and -35 hexamers. The translational stop codon (TAG) is at nt 1174-1176. Beginning 45 nt downstream of this, sequences at nt 1227-1 244 and 1252-1 269 were identified as an imperfect inverted repeat by the STEMLOOP program (Devereux et al., 1984) ; the binding strength for the corresponding mRNA, calculated by MFOLD, is -29.2 kcal mol-' ( -122.2 k J mol-l), suggesting that the inverted repeat forms a transcriptional terminator (Adhya & Gottesman, 1978) .
The sequence analysis indicated that ORF3 codes for a polypeptide of Mr 35 484 containing 338 amino acids. The conclusion from comparisons with database sequences that it constitutes the gene for Asd in S. akbosbiensis is supported by the failure of pJV30 to complement the asd mutation in E. coli CGSC 6212. Sequence analysis indicates that the BamHI-K' nI segment of pJV24 subcloned in this plasmid lacks the first 18 codons of ORF3 and an upstream region that includes the putative ribosome-binding site.
Expression of asd from the lac promoter
The absence of a recognizable promoter sequence upstream of asd in the DNA fragment cloned from S. ak:i_yosbiensis suggested that the gene was expressed in E. coli from the lac promoter of the vector. This was investigated by inserting DNA fragments containing asd in opposite orientations into an E. coli vector. The S. akiJy0sbiensi.s DNA inserts in pJV21 and pJV24 were excised by double digestion with HindIII/KpnI, and recloned downstream of the lac promoter in HindIII/ KpnI-digested pTZl8R and pTZl9R ; these vectors differ in the opposite orientation of their multiple cloning regions. Only pJV31 and pJV32, in which the inserts from pJV21 and pJV24, respectively, were cloned in pTZlBR, complemented the asd mutation in E. coli CGSC 6212. Since the orientation of asd to the lac promoter in these plasmids was the same as in p JV21 and p JV24, the results indicate that in the initial shotgun cloning, asd from S. akiJyosbiensis was expressed from the lac promoter of pHJL400.
Regions adjacent to asd
The amino acid sequences deduced from ORF4 and the incomplete ORFl did not show significant similarity to sequences in the GenBank database. The amino acid sequence deduced from ORF2 showed a marked similarity to sigma factors (Lonetto et al., 1994) IDNSSAWRKHPEVPLWSEVN------PHAIFaRPKG--------IIANPNCTTMAAMPVLRPLHDEAG-LrnWATYQAVSGSGLAGVA  AEAGVIV--VDNSSAFRKDPDVPLWSEVN---FDRDVRGFXLAKG--------IIANPNCTTMAAMPVLKPLHEEAG-LQRLIVSSYQAVSGSGIAGVE  AAAGATV--VDNSSAWRKDDEWLIVSEVN------PSDK--------IIANPNCTTMAAMPVLKPLHDAAG-LVKLHVSSYQAVSGSGLAGVE   VKRGAIV--1DNTSAFRMDENTPLWPEVN-------EADLHEHNG--------IIANPNCSTIQMVAALEPIRKAYG . . . . .
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A pJV21 and pJV24 were used to transform E. coli CGSC 5074, an auxotrophic strain carrying mutations in each of the three genes encoding Ask isozymes (Theze e t al., 1974) . None of the transformants was prototrophic. Since complementation of any of the defective isozyme genes would have supported growth, the result indicated that ask was either absent from the plasmids or, if present, was not expressed.
DISCUSSION
Of the possible start codons for ORF3, the G T G at nt 160-162 gives an N-terminal amino acid sequence corresponding closely to those deduced for asd from other Gram-positive organisms. In addition, this location offers a plausible ribosome-binding site appropriately spaced from the translational start codon (Strohl, 1992) . Expression of the cloned S. ak:i_yosbiensis asd in E. coli from the lac promoter of the vector is consistent with the apparent lack of an E. coli-like promoter in the region upstream of ORF3. It was also noted (data not shown) that expression in E. coli increased with addition of IPTG to the culture medium, and that expression was higher from asd cloned in pJV24 than from the gene in pJV21, where it is more distant from the lac promoter.
The deduced amino acid sequence of ORF3 shows significant similarity to the Asds in low YO G + C Grampositive bacteria (Bacillus and Streptococcus), as well as to those in E. coli and Saccharomyes cerevisiae. However, it is most similar to the Asds of mycobacteria and corynebacteria, which like streptomycetes are high % G + C Gram-positive bacteria. To date, no wellcharacterized mutant blocked in a core reaction of the aspartate pathway in streptomycetes has been reported, and thus the loci for these genes have not been mapped. The marked similarity in deduced amino acid sequence between ORF3 of S. akiyoshiensis and the Asd sequences of other high YO G + C Gram-positive bacteria raised the possibility that the aspartate pathway genes might be similarly organized. In mycobacteria, corynebacteria and bacilli, asd is clustered in an operon with ask (Kalinowski etal., 1990; Chenetal., 1993; Cirillo etal., 1994) . However, no ask-like sequence was detected by analysis of the D N A cloned from regions immediately upstream or downstream of asd in S. akbosbiensis. The absence of ask was consistent with the failure of either pJV21 or pJV24 to complement an E. coli ask mutant, but this failure might also be attributed to lack of expression (Seno & Baltz, 1989) . Since a probe excised from the asd gene hybridized with 2.8 kb PvuII fragments in pJV21, pJV36 and the S. ak:i_yoshiensis chromosome, the sequenced region of the cloned fragments had probably not undergone deletion or rearrangement, and represents the native sequence. A comparison of streptomycete genomes has shown extensive structural conservation of the genes for primary metabolism (Stuttard, 1788) ; thus the difference in organization between ask and asd in S. akQosbiensis and in other Gram-positive bacteria examined is likely to apply to s treptomycetes generally.
In the lysine branch of the aspartate pathway in streptomycetes, DAP is not only a metabolic intermediate but also represents an essential cell wall component. Most culture media lack DAP; thus in mutants where its endogenous synthesis is blocked, plasmids carrying a gene complementing thz mutation are maintained as a condition for survival. The use of asd mutants in such plasmid maintenance systems has been demonstrated in a Salmonella vaccine strain (Nakayama e t al., 1988). Since streptomycetes are potentially useful organisms for producing proteins with recombinant vectors (Takaguchi e t al., 1989; Baltz, 1990 ; Bender et al., l990), we attempted to develop a similar system ensuring vector maintenance in streptomycete hosts without antibiotic selection.
Chemical mutagenesis and screening of S. akboshiensis spores failed to yield a specific asdmutation. S. akiJyosbiensis could be efficiently transformed with p H JL400, and efforts were then directed towards replacement of asd with a cloned and disrupted vector copy of the gene. However, we were unable to select transformants with an Asdphenotype. Attempts in other laboratories to isolate asd mutants by chemical mutagenesis of corynebacteria (Yeh e t al., l988), and by gene disruption of mycobacteria (Cirillo etal., 1991) and bacilli (Chen etal., 1993) , have also been unsuccessful, and Chen e t al. (1993) suggested that absence of an uptake system for DAP in these bacteria makes asd a lethal mutation. We have observed that S. ak&osbiensis shows little growth with D A P as a sole nitrogen source, but normal growth with lysine (data not shown). Thus here as well, inability to transport D A P may account for the absence of asd mutants.
